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1. INTRODUCTION 
1.1 General 
After a useful life of more than 20 years, many bridges in Iowa 
don't comply with current bridge standards. Increases in the allowable 
live loads, changes in the AASHTO design and rating specifications, 
and the necessity to provide additional load capacity to support 
resurfacing for additional life have rendered these bridges inadequate. 
Therefore, strengthening or posting of load limits is essential. 
The feasibility of strengthening bridges, in particular, single 
span, composite concrete slab/steel beam bridges, was considered in 
a study (11) conducted several years ago by the Engineering 
Research Institute of Iowa State University. The study, henceforth 
referred to as Phase I, considered the use of post-tensioning to 
strengthen bridges, therefore increasing the life of the bridge. A 
half-scale model bridge was tested and analytical procedures were 
utilized in order to determine the bridge's behavior when subjected 
to post-tensioning and vertical forces. Post-tensioning forces were 
applied to the steel bridge beams through brackets bolted 
to the bottom flanges of the beams. Findings of Phase I included 
recommendations to investigate the shear capacity of a post-tensioned 
bridge and to continue experimentation on the half-scale bridge 
model constructed and tested during Phase I. 
A literature search revealed that only minimal data existed on 
the angle-pIus-bar shear connectors. To obtain data on the angle-plus-
2 
bar, as well as channels, studs, and high-strength bolts utilized as 
shear connectors, several push-out specimens were fabricated and 
tested. Additional shear connector information was obtained by sawing 
the bridge model from Phase I into four composite concrete slab/steel 
beam specimens. As the type of steel may be unknown on some of the 
bridges requiring strengthening, it was decided the addition of 
shear connectors, as well as the post-tensioning brackets, in the 
field should be by bolting rather than welding. Shear connectors 
(high-strength bolts) were added to two of the composite beam 
specimens before testing, while the remaining two specimens were 
tested lias fabricated,1I with only the original angle-plus-bar shear 
connectors. 
All testing performed on the push-out and composite beam 
specimens consisted of static loads because fatigue wasn't considered 
a factor in the rehabilitation of bridges. It was concluded that a 
large portion of the existing bridge components' fatigue life had 
already been used. Results obtained from the push-out specimens were 
used in the composite beam tests and later in the analysis of the 
field bridges. The effect shear connectors had on the behavior and 
ultimate strength of post-tensioned composite beams was found by 
varying the number of shear connectors in companion specimens. 
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1.2 Objectives 
The present research is part of an ongoing research project on 
the strengthening of composite, single span steel I-beam/concrete 
deck bridges by post-tensioning. Constructed between 1940 and 1960, 
these bridges were found to be inadequate in terms of shear capacity 
because of changes in design philosophy and methodology. Also, it 
was desired to check the behavior of the shear connectors in a 
post-tensioned composite beam. 
The overall objective of this research study is to explore the 
behavior and ultimate strength of various shear connectors used in 
composite bridges. Although the results reported, herein, are limited 
as to the number of specimens, they should provide an indication of 
the actual behavior of shear connectors. The specific objectives of 
this study are to: 
Relate appropriate AASHTO criteria to the actual behavior 
as determined from tests on the push-out and composite beam 
specimens. 
Determine the behavior and capacity of the angle-pIus-bar 
shear connector. 
Develop and test high-strength bolt shear connectors. 
Determine the behavior and capacity of post-tensioned, 
composite beam specimens before and after increasing the 
specimen's shear capacity. 
In order to verify experimental results from the push-out specimens, 
as well as to develop design methodology, experimental results were 
4 
checked against predictions from AASHTO bridge specifications. 
1.3 Literature Review 
Numerous types of mechanical shear connectors have been proposed 
since the early 1920s for steel-concrete, composite construction. 
Although spirals, channels, and studs found wide acceptance in the 
United States then, stud connectors are almost exclusively used today 
because of their ease of installation and low cost. 
The use of two slab push-out tests for the evaluation of shear 
connector behavior was common (17,19,21). These early investigations 
suggested that the strength of shear connectors obtained from push-out 
tests was lower than that obtained from beam tests. It was later 
concluded by Slutter and Driscoll (18) that this relationship was 
true. Also, the push-out test is still considered to be the most 
reliable and useful method of determining load-slip and ultimate 
load capacities of different types of connectors used in beams (2,13). 
The use of high-strength bolts (ASTM A325) as shear connectors 
has been tested in a couple of situations (3,4,5). Dallam (3,4), in 
1968 and 1970, reported the testing of two slab push-out and composite 
beam specimens with high-strength bolts (ASTM A325, various diameters) 
as shear connectors. The bolts were loosely attached to the steel beam 
section and held in place by wire-spring chairs. After the slab 
concrete was cured for 28 days, the bolts were tightened to the minimum 
specified bolt tension; the specimens were then tested to failure. 
It was found that the bolts exhibited a greater useful capacity and 
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ultimate strength than comparable studs. In 1976, Dorton et ale (5) de-
scribed the use of high-strength bolts (ASTM A325, Type 3 weathering steel, 
7/8 in. diameter) in push-out specimens and a full-scale test bridge. 
Double-nutted to the beam flange of a steel bridge stringer (H-pile 
section substituted in the push-out specimens), the bolts were placed 
in oversized holes to accommodate movement of the concrete deck, due 
to post-tensioning. Both the push-out specimens and the test bridge 
were subjected to fatigue and static loading. Dorton concluded that a 
high-strength bolt, in this particular configuration, could be safely 
used to replace a welded stud of the same diameter. In these previous 
studies, the bolts were placed before the concrete slab was cast. 
Slutter and Driscoll (18) tested a series of composite beams 
and push-out specimens. They also re-evaluated the test results from 
other investigations in order to substantiate their conclusions. Tests 
were performed on composite beams with varying numbers of shear 
connectors. A number of different shear connectors (channels, spirals, 
bent studs, headed studs) were tested in the composite beam and push-
out specimens. Test results from this, and previous investigations, 
were compared utilizing a method of analysis for determining the 
ultimate moment capacity of beams when a weaker shear connection than 
that proposed for design exists. Slutter and Driscoll concluded that 
the ultimate flexural capacity of a beam could be evaluated even if the 
number of shear connectors was less than that required to develop the 
theoretical ultimate bending capacity. The analysis showed that the 
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load-deflection curve of a beam was not significantly affected by 
slip if there were enough shear connectors provided to develop the 
theoretical ultimate bending capacity. 
1.4 General Test Program 
As previously stated, the research program conducted consisted 
of the testing of both push-out specimens and composite beam specimens. 
The following sections present brief descriptions of the particular 
specimens tested; the test programs implemented are presented in detail 
in later sections. 
1.4.1 Push-Out Test Program 
Twenty-two push-out specimens were fabricated and tested to 
failure. Five types of shear connectors were investigated for ultimate 
strength, separation behavior, and load-slip behavior. The breakdown 
as to type and number of specimens is as follows: 6 angle-pIus-bar 
specimens, 5 channel specimens, 3 stud specimens, 4 epoxied high-strength 
bolt specimens, and 4 double-nutted high-strength bolt specimens. 
Relative slip and separation between the concrete and steel were 
measured with mechanical displacement dial gages. Load was applied 
using a 400 kip universal testing machine. 
1.4.2 Composite Beam Test Program 
The model bridge, tested in Phase I, was sawed into four composite 
concrete slab/steel beam specimens. Two of the specimens, one 
interior-type and one exterior-type, were strengthened with additional 
7 
shear connectors before testing, while the remaining two specimens were 
tested in the "as fabricated" condition. The loading condition for all 
tests consisted of two equal concentrated loads located about the 
span centerline so that a region of constant moment existed. Each 
specimen was tested several times with different levels of post-
tensioning before being loaded to failure. Electrical resistance 
strain gages, utilized in Phase I, were used to measure strain at 
different locations on the specimens. Vertical deflection of the 
specimens, as well as relative slip between the steel beam and 
concrete slab, was measured with mechanical displacement dial gages. 
8 
2. DESCRIPTION OF TEST SPECIMENS 
2.1 Push-Out Tests 
2.1.1 Description of Specimens 
The push-out specimens consisted of two sizes: one full-scale 
and the other half-scale. Dimensions of the specimens are shown in 
Figure 1. As is shown, each specimen consisted of a wide flange beam 
2 ft. long with concrete slabs attached to each flange of the beam. 
The size of the wide flange beams utilized (WlOx22 in the half-scale 
specimens and W10x68 in the full-scale specimens) was chosen on the 
basis of flange thickness of the beam sections. The flange thickness 
of the full-scale specimens closely approximated that of the exterior 
beams in existing bridges; the flange thickness in the half-scale 
specimens nearly equalled that of the exterior beams in the model 
bridge. As shown in Figures 2 and 6, and also described in Table 1, 
shear connectors were rigidly attached to the beam flanges by bolting 
or welding. Load was applied to the upper portion of the beam and 
transmitted into the slabs through the shear connectors. Thus, both the 
slabs and beam were subjected to compression. 
The push-out specimens were grouped into two categories: Type A 
specimens (shown in Figures 2, 3, and 4) employed welded connectors 
installed before the concrete was poured. Type B specimens (Figures 5 
and 6) had high-strength bolts inserted and tightened after the slabs 
had hardened and cured. Thus, Type A specimens modeled shear connectors 
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10 
BAR 5/8 x 3/8 x 0 1 5" REFERENCE LI NE 
(SERIES 1) 
BAR 1 1/4 x 3/4 x 0 1 10" 
(SERIES 3) 
L 3 x 3 X 3/16 X 0 1 1 1/4" 
(SER I ES 1) ~"-....L.L..--i~--\ 
L 6 x 6 x 3/8 X 0 1 3 1/4" 
(SERIES 3) 
3/16" 
BEAM CENTERLI NE 
1 1/4"-1 5/16" (SERIES 1) 
2 1/2" -1 5/8" (SERIES 3) 
a. Details of half-scale (SERIES 1) and full-scale (SERIES 3) connector 
b. Photograph of full-scale connector 
Fig. 2. Angle-pius-bar shear connector (Series 1 and 3) 
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REFERENCE LINE 
3/411~ 
C3 X 4.1 x O· 3 1/2" 
(SERIES 2) 
C5 x 6.7 x O· 8" 
(SERIES 4) 
BEAM 
CENTERLINE 
N o::t" 
(/') (/') 
I.J.J I.J.J 
..... ..... 
0:: 0:: 
I.J.J I.J.J 
(/') (/') 
+ T 
1 3/4" 4" 
-----+- - t- + 
1 3/4" 4" 
t -L 
a. Details of half-scale (SERIES 2) and full-scale (SERIES 4) connector 
b. Photograph of full-scale connector 
Fig. 3. Channel shear connector (Series 2 and 4) 
12 
REFERENCE LINE 3/8" 
* 3/4"<1> X O' 5" HEADED STUD ----+I f f 
4 3/8" 4 3/4" 
t * 
W10 x 68 
BEAM CENTERLINE --~ 
10 1/8" 
! 
a. Details of full-scale stud connector 
b.Photograph of stud connector 
Fig. 4. Stud sheax connector (Series 5) 
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REFERENCE LI NE 
GROUT 
2-3/4"</> x 
o I 6 1 /2 "----1~~~'irTw;,~1IIIot 
ASTM A325 BOLT 
(6" C. to C.) 
WITH 3" THREAD 
LENGTH 
W10 x 68 
7/8" 
f 
a. Details of double-nutted high strength bolt shear connector 
r-
" ( . , 
~. 
' ,. 
,. 
3 
" -
..... .. _-
- ' . 
' . . 
b. Photograph of double-nutted connector prior. to placement of grout 
Fig. 5. Double-nutted high strength bolt shear connector (Series 6) 
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REFERENCE LINE 
3 1/4 II I+----;....I_~ 
1 5/8" 1+--+1 
GROUT -------f!~~;rw;.;,~ .... 
2"<1> X 3/16" 
PLATE WASHER 
2-3/4"<1> X O' 6 1/2" 
ASTM A325 BOLTS 
(6" C. to C.) 
~~~ 
HARDENED CONCRETE 
/ 
7/8" 
t 
W10 x 68 
a.Details of epoxied high strength bolt connector 
6" 
b. Photograph of connector prior to installation of the bolts 
Fig. 6. Epoxied high strength bolt shear connector (Series 7) 
15 
Table 1. Summary of push-out specimens tested 
SERIES TYPE CONNECTOR SPECIMENS 
DESCRIPTION 
1 A half-scale angle-pIus-bar HAl 
HA2 
HA3 
2 A half-scale channel HCl 
HC2 
HC3 
3 A full-scale angle-pIus-bar FAI 
FA2 
FA3 
4 A full-scale channel FCI 
FC2 
5 A full-scale stud FSI 
FS2 
FS3 
6 B double-nutted high- Nl 
strength bolt N2 
N3 
N4 
7 B epoxied high-strength El 
bolt E2 
E3 
E4 
16 
currently in use on various composite bridges and on the half-scale 
. bridge of Phase I, while Type B specimens modeled techniques of 
adding shear connectors to existing bridges. Because the type of 
steel on several of the bridges requiring strengthening is unknown, 
only shear connectors that can be added by bolting rather than 
welding were tested. 
Table 1 presents a breakdown of the push-out specimens grouped 
according to specimen series and type. As shown, Type A specimens 
were designated by two letters and one number. The first letter 
designates the specimen size; H for half-scale and F for full-scale. 
The second letter indicates the type of connector welded to the 
flange: S represents stud, A for angle-pIus-bar, and C for channel. 
The number distinguishes between the various specimens in a given series. 
Type B specimens were all full-scale specimens and, therefore, 
designated by just a letter and a number. The letter represents the 
process used for attaching the slab to the beam flange by bolting: 
E for epoxied and N for double-nutted. The number distinguishes 
between specimens within a series. As may be seen, Series I through 5 
5 were Type A specimens and Series 6 and 7 were Type B specimens. 
Earlier research had shown that the bond doesn't change the 
specimen's ultimate strength (17). Thus, although the beam flanges 
and shear connectors were thoroughly cleaned with a wire brush 
and then with acetone, no attempt was made to destroy the natural 
bond between the concrete and steel. 
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2.1.2 Fabrication ~ Specimens 
A general description of the push-out specimens was given in the 
previous section. The following two sections, Section 2.1.2.1 and 
Section 2.1.2.2, present the fabrication procedures used for the 
Type A and the Type B specimens, respectively. 
2.1.2.1 ~ A Specimens The first step in the fabrication of 
the specimens was welding the shear connectors to the beams. Channel 
and angle-plus-bar connectors were welded utilizing a standard 
weld while the studs were installed using a Nelson stud welder. The 
location of the shear connectors in the various specimens may be 
determined by correlating the reference line in Figures 2 through 6 
with the reference line in Figure 1. 
The push-out specimens were cast vertically; rather than horizon-
tally, so that both slabs could be cast from the same batch of concrete 
in order to omit any variation in concrete strength from one slab to 
another. Concrete was mixed in a 9 cu. ft. mixer in the structures 
laboratory and cast into the forms in three individual lifts. Each 
lift was thoroughly vibrated; care was taken to minimize the formation 
of voids adjacent to the shear connectors. Forms were fabricated so 
that thre~ specimens could be cast simultaneously, as shown in Figure 7. 
Each slab was provided with a small amount of reinforcement, two layers 
of 04 reinforcement, arranged as shown in Figure 1. 
A minimum of three 6 in. diameter x 12 in. long standard ASTM 
quality test cylinders were made during each pour. The specimens, as 
18 
Fig. 7. Formwork used for constructing the push-out specimens 
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well as the control cylinders, were covered with burlap and plastic 
then wet cured for 5 to 7 days. Due to time constraints, the specimens 
needed to be tested before 28 days had elapsed. Therefore, a high-
strength concrete was employed. From the nine day compressive strength 
determined, the specimens were found to be sufficiently strong for 
testing at an age of 14 days. Compressive strength values for all 
Type A specimens are presented in a later section. 
2.1.2.2 ~ ~ Specimens Fabrication of Type B specimens 
began with the vertical casting of slabs in the same formwork used 
for Type A specimens (Figure 7). A nominal amount of reinforcement was 
provided, as well as three #3 reinforcing bars as labeled and shown 
in Figure 1. The #3 reinforcing bars provided temporary connection 
of the slab to the beam flanges until the high-strength bolt shear 
connectors were in place. Prior to testing, the #3 reinforcing bars 
were removed, so that the only connection between the slabs and wide 
flange beam sections was provided by the high-strength bolts. Because 
all the specimens were full-size, concrete was purchased from a local 
ready-mix plant rather than mixing it in the laboratory as was done 
for the half-scale, Type A specimens which required smaller aggregate. 
The concrete was placed in two lifts, each of which was properly 
vibrated to prevent honeycombing. 
Four 6 in. diameter x 12 in. long standard ASTM quality test 
cylinders were made for each set of three specimens. The specimens 
and cylinders were then covered with burlap and plastic and wet-cured 
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for 7 days. Due to the time required for the more involved fabrication 
of Type B specimens, Series 6 specimens were tested 41 days after the 
concrete was cast and Series 7 specimens were tested 52 days after 
casting. Appropriate compressive strength values are presented later. 
After the formwork was removed, each specimen was rotated so that 
one slab was resting on the floor and the other resting on the beam 
section so the desired shear connectors could be added. Two different 
methods of adding high-strength bolt shear connectors to existing beams 
were investigated for ease of installation, ultimate strength and 
characteristics of load-slip and load-separation. 
The first fabrication technique examined was the double-nut 
configuration depicted in Figure 5. Two 3 1/4 in. diameter x 6 in. 
deep cores, at 6 in. center to center, were drilled into each slab of 
the Series 6 specimens. Location of the cores along the length of the 
beam is given by the reference lines in Figure 1 and Figure 5. The 
concrete cores were removed and a 3/4 in. diameter hole was drilled 
through the beam flange at the center of each core. The side walls of 
the core holes were then roughened and cleaned to improve the bonding 
between the nonshrink Five Star grout and the hardened concrete. 
Acetone was used to remove the oil residue left from drilling the steel 
beams; water was used to remove the cementitious materials resulting 
from the coring. 
High-strength bolts (ASTM A325 3/4 in. diameter x 6 1/2 in. long) 
were then placed in the holes through the beam flange and adjusted for 
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an overall length of 5 in. above the flange. Bolts were then tightened 
to the beam flange in a double-nut configuration. To retard the hydra-
tion process in the grout, the core walls were rinsed with water 
immediately prior to placement of the grout. 
When the grouting was placed, three 3 in. diameter x 6 in. long 
standard ASTM quality test cylinders were made for determining the 
compressive strength. The grouting and cylinders were wet-cured for 
4 to 5 days. 
The addition of shear connectors to Series 7 specimens followed a 
different procedure, as portrayed in Figure 6. Two 3 1/4 in. diameter x 
I 1/2 in. deep cores, at 6 in. center to center, were drilled into each 
slab. The reference lines of Figure 1 and Figure 6 locate the core 
holes along the length of the beam. At the center of each core, a 
3/4 in. diameter core was drilled to the beam flange. After removal 
of all core material, a 3/4 in. diameter hole was drilled through the 
beam flange at each core location. The buildup of steel shavings 
in the 3/4 in. core caused the drilling to be halted frequently in order 
to remove the shavings. To provide an even bearing surface for the 
1/8 in. plate washer and bolt combination, Five Star grout was placed 
in the 3 1/4 in. diameter core and leveled off 1 1/2 in. below the top 
surface of the slab. The grout used for leveling was allowed to wet 
cure for a minimum of 4 days. 
In order to fill voids and provide bonding between the bolt and 
the slab, a concrete-steel epoxy was employed. The epoxy was spread 
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thoroughly over the shaft of a 3/4 in. diameter x 6 1/2 in. long ASTM 
A325 high-strength bolt. The epoxy-covered bolt was then placed in 
the 3/4 in. diameter core and moved vertically up and down to provide an 
even coating of epoxy between the core walls and bolt shaft. The bolts 
were immediately tightened, thus forcing out any voids in the viscous 
epoxy and providing uniform bonding between the steel and concrete. 
The epoxy was allowed to cure for a minimum of 24 hours before Five 
Star grout was placed in the 3 1/4 in. diameter cores (Figure 6). 
Two 3 in. diameter x 6 in. long standard ASTM quality test 
cylinders were made of the grout used in the previously described 
patching process. The patching on all specimens and the control 
cylinders were wet-cured for a minimum of 4 days. 
2.1.3 Loading Apparatus and Instrumentation 
Slip and separation between the slabs and the beams were measured 
on all push-out specimens. The instrumentation for all specimens 
consisted of eight deflection dials, located as shown in Figure 8. 
Four deflection dials recorded slip and the remaining four deflection 
dials measured separation at two elevations along the slab. 
The four deflection dials (used to measure slip) were rigidly 
attached to the web of the beam as shown in Figure 8. The stem of 
each deflection dial was allowed to bear against blocks attached to 
the slab as shown. Slip was measured relative to the centerline 
of the various shear connectors. 
The remaining four deflection dials, used to measure separation 
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or "uplift," were rigidly attached to the platen of the universal 
testing machine. As shown in Figure 8, separation was measured at 
the connector centerline and 1 in. from the end of the slab bearing 
on the testing machine platen. 
The arrangement for testing in the universal testing machine is 
shown in the photographs of Figure 9. Placement of the half-scale test 
specimen in the testing machine is shown in Figure 9a and for the full-
scale test specimen in Figure 9b. For uniform load distribution, the 
lower ends of the slabs were bearing either on a 1/4 in. thick pad of 
neoprene or a thin layer of dry Portland cement. Load was applied 
to the upper end of the steel beam by the head of the testing machine 
through a steel distribution plate. A 3/4 in. diameter steel ball was 
placed between the head of the testing machine and steel plate on the 
half-scale specimens to provide concentric loading. When the full-scale 
specimens were tested, the steel ball was removed due to the higher 
loads involved. To restrain the slabs in the event that sudden 
failure occurs, rope was wrapped around the various specimens during 
testing. 
2.2 Composite Beam Tests 
As has previously been mentioned, the half-scale model bridge, 
constructed during Phase I of this study, was cut into four individual 
beams. The physical description, as well as the loading and instrumen-
tation of the four composite beams, is presented in the following 
sections. 
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2.2.1 Description of Specimens 
The four composite steel beam/concrete slab specimens were fabricated 
from the half-scale model bridge from Phase I. The model bridge framing 
plan and midspan cross-section may be found in Reference 11. The 
composite beam specimens were obtained by making five longitudinal cuts 
in the model bridge as depicted in Figure 10. The cuts were made with 
a gasoline-engine powered concrete saw which was provided and operated 
by personnel from the Iowa Department of Transportation. 
Two of the beams, Beams #1 and #4 (Figure 10), had a nominal slab 
width of 1 ft Sin. and were exterior-type composite beams with a flange 
on one side only. The remaining beams, Beams #2 and #3, had a nominal 
flange width of 4 ft 10 in. and were interior-type composite beams with 
equal widths of slab on each side of the beam centerline. Flange 
widths on Beams #2 and #3 were made equal to the stringer spacing, 
thus minimizing the number of saw cuts required. Flange widths on 
Beams #1 and #4 were determined by calculating the width of slab 
needed to locate the centroid of the slab about a vertical axis through 
the centerline of the steel beam. This was done to decrease the possi-
bility of unsymmetrical bending. The actual composite beam slab 
widths, given in Figure 11 and Table 2 along with the average slab 
thicknesses, were the result of inaccuracies in the cutting process. 
All four beams were equipped with the post-tensioning system used 
in the testing of the model bridge of Phase I. Post-tensioning forces 
of various magnitude were applied during testing of the beams by 
stressing the Dywidag Threadbars on each beam. Details of the post-
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tensioning system employed may be found in Reference 11. 
The properties of the concrete and steel in the four beams, 
although also available in Reference 11, are presented in Tables 3 and 
4 for convenient reference. 
The shear capacity of the beams was less than that required by 
AASHTO bridge standards (1). Therefore, additional shear connectors 
(high-strength bolts double-nutted to the top flange) were added to 
one interior beam, Beam #3, and one exterior beam, Beam #4. The loca-
tions of the existing angle-pIus-bar shear connectors for all four 
composite beams are given in Reference 11; the locations of the shear 
connectors added to Beam #3 and Beam #4 are shown in Figure 12. 
These locations were dictated by the location of the existing angle-
plus-bar connectors. Core holes were located on either side of the 
beam centerline; however, this placement was varied slightly on the 
exterior beams so that the cores did not have to pass through 
the curbs. For ease of construction, the core holes (3 1/4 in. diam-
eter) were drilled before the bridge was cut into individual beams. 
The additional shear connectors were 1/2 in. diameter x 4 in. 
long ASTM A325 high-strength bolts. The bolts were double-nutted to 
the beam flange similar to the configuration (shown in Figure 5) 
used in the Series 6 push-out specimens. An ultimate strength value 
for the existing angle-pIus-bar shear connector was computed using 
data obtained from the push-out tests. The total resisting force of 
the angle-pIus-bar connectors was then determined for each beam and 
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Table 3. Physical properties of concrete 
Deck 
Curb 
f' (psi) 
c 
3300 
7450 
Table 4. Physical properties of steel 
Reinforcement 
113 
114 
Prestressing 
W16 x 26 
W14 x 22 
(J (ksi) 
y 
69.8 
70.8 
44.1 
44.7 
(J 1 (ksi) 
u t 
110.8 
109.7 
156.1 
66.9 
69.4 
E(ksi) 
2830 
5080 
E(ksi) 
29,100 
24,100 
29,990 
28,990 
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was found to be less than that required. Therefore, sufficient bolt 
connectors were added to one interior and one exterior composite beam 
to increase the shear capacity to the required level. The ultimate 
strength of the bolts was calculated using the welded stud formula 
for shear connectors in the AASHTO standards (1). From the laboratory 
work performed on the push-out specimens, this was found to be slightly 
conservative. 
2.2.2 Loading Apparatus and Instrumentation 
This section outlines the loading apparatus and instrumentation 
employed on the four test specimens. The same loading apparatus, 
except for slight variations in the load point location, was used in 
all tests. The instrumentation was nearly identical on each of the 
composite beams. 
Load was applied to the beams through two 100 kip hydraulic 
jacks bearing against a steel frame anchored to the structural testing 
floor. Photographs of the test set-up used on the interior and exterior 
beams are shown in Figure 13a and 13b, respectively. The load points 
were nominally 80 in. apart; however, the exact locations may be found in 
Figure 14 along with other details of the test set-up. In order to 
transmit force uniformly to the slab, a combination of steel plates and 
neoprene pads was placed between the jacks and the slab. To transmit 
force through the curb and slab on the exterior-type composite beams, 
a concrete block was placed under the neoprene pads. Force was then 
transmitted through the concrete block and curb, which were at the same 
35 
a. Interior beam specimen 
b. Exterior beam specimen 
Fig. 13. Photographs of composite beam test set-up showing test frame 
and specimen in place 
~ 
I 
100 KIP 
LOAD CELL 
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W-SHAPE CONNECTED 
TO TEST FRAME 
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~ X .. I. Y "I 
W14 x 22 (.BEAM 1 & 4.) 
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4 39 1/2" 39 3/4" 
Fig. 14. Loading apparatus employed for testing the composite beams 
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elevation. To prevent horizontal restraint at the load points, pin 
and roller supports were provided under the jacks. The jack pin 
support coincided with the beam's roller support and the jack roller 
support with the beam's pin support; details of the load points 
are provided in Figure 14. 
The load on the specimen was measured by a 100 kip load cell and 
checked by hydraulic jack pressure. The load cell was placed under 
the jack pin support (Figure 14) and values of load were recorded 
by the data acquisition system. Loads determined by jack pressure 
were in good agreement with those determined using the load cell. 
Post-tensioning load was applied by two 60 kip hydraulic jacks. 
As was done in Phase I, the post-tensioning force was accurately 
determined through the use of strain gages mounted on the tendons. 
Instrumentation for all tests consisted of mechanical displacement 
dial gages, electrical-resistance strain gages, and direct current dis-
placement transducers (DCDTs). DCDTs were used to measure relative 
movement between the steel beam and concrete slab, or relative slip, 
as well as the deflection at three locations. At all other locations, 
displacements were measured with mechanical displacement dial gages, 
henceforth referred to as deflection dials. 
Electrical-resistance strain gages, henceforth referred to as strain 
gages, were attached to the steel and concrete wherever measurement 
of strains was desired. The strain gages were installed in the normal 
manner with recommended surface preparation and adhesive. The majority 
of the strain gages were installed during Phase I (i.e., on the model 
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bridge) while the remaining strain gages were mounted after the com-
posite beam specimens had been fabricated. All the strain gages were 
self-temperature compensated and provided with three-wire leads to 
minimize the effect of the long lead wires and any temperature changes. 
DCDT and strain gage measurements were read and recorded by the data acqui-
sition system, while deflection dial measurements were recorded manually. 
All four composite beams, as may be seen in Figures 15 and 16, 
were tested as simply supported beams. Also shown in these figures 
are the locations of the strain gages, deflection dials, and DCDTs 
used in each of the composite beam tests; note the DCDTs located at 
the ends of each beam to measure relative slip. The total number of 
DCDTs, strain gages, and deflection dials employed on each composite 
beam is given in Table 5. 
Table 5. Total number of DCDTs, deflection dials, and strain gages on 
each composite beam 
BEAM 
NO. 
1 
2 
3 
4 
DCDTs 
5 
5 
5 
5 
DEFLECTION 
DIALS 
8 
7 
7 
8 
STRAIN 
GAGES 
16 
18 
26 
29 
-.l 
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TYPE OF MEASUREMENT GAGE 
VERTICAL DISPLACEMENT DCDT 
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Fig. 15. Location of instrumentation on Beams #2 and #3 
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3. TESTS AND TEST PROCEDURES 
This section outlines the details of the specific tests. Each 
test program (i.e., push-out tests and composite beam tests) consisted 
of several individual tests. In this section, only test set-ups will 
be discussed; interpretation and discussion of results will be presented 
in Section 4. 
3.1 Push-Out Tests 
The tests involving both Type A and Type B push-out specimens 
proceeded in the same general manner. Testing began with a pre-load 
of approximately 10% of the predicted ultimate load for each specimen. 
The pre-load value of 10 to 25 kips was applied for a variety of 
reasons: to insure an even distribution of force through the proper 
seating of the steel distribution plate on the beam flanges, to check 
the operation of the deflection dials, and to break the bond between 
the concrete and the steel beam. 
By destroying the bond, consistent ultimate load results will 
occur because the entire load is on the connectors (17). The bond was 
physically destroyed even though it has been reported that shrinkage 
of the concrete is sufficient to destroy bond (18). Previous research 
(14) has indicated that the load-slip relationship will not be affected 
by unloading and reloading the specimens. 
After the pre-load had been released and equilibrium in the system 
established, the load was applied in increments of varying magnitude. 
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The magnitude of the increments for the tests varied from 10 kips to 
50 kips at the beginning of the tests and I to 5 kips when failure 
was imminent. After each increment of load, slip and separation 
displacements were recorded. At higher values of load, the load was 
held constant so that behavior (e.g., crack patterns) could be 
recorded. When failure occurred, photographs were taken to show the 
final deformed shape and the ultimate load was recorded. The specimens 
were then removed from the testing machine and disassembled to deter-
mine the effects of the loading on the slabs and shear connection. The 
duration of each test was approximately 40 minutes; the set-up time for 
each test varied from I to 2 hours. 
3.2 Composite Beam Tests 
As has previously been mentioned, numerous tests were performed 
on each composite beam. Test variables included magnitude of the 
initial post-tensioning force and magnitude of vertical load. Four 
tests were performed on each beam; the magnitude of test variables, 
as well as the combination of variables in each test, is summarized 
in Table 6. A description of the four tests performed on each beam, 
as well as occurrences and test set-ups unique to the individual 
composite beams during execution, is provided in the next two sections 
(Section 3.2.1 discusses elastic range tests, Tests A, B, and C, while 
Section 3.2.2 covers the ultimate strength tests, Test D). 
To distinguish between tests, a number and a letter are used to 
designate each test. Thus, Test 3A indicates the Test A of Beam #3. 
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Table 6. Summary of tests performed on the composite beam specimens 
BEAM 
NO. 
1 
2 
3 
4 
TEST 
A 
B 
C 
D 
A 
B 
C 
D 
A 
B 
C 
D 
A 
B 
C 
D 
POST-TENSIONING 
FORCE (KIPS) 
0 
12 
24 
34 
0 
16 
32 
48 
0 
16 
32 
48 
0 
12 
24 
34 
VERTICAL LOAD PER LOAD POINT (KIPS) 
MAXIMUM INCREMENT 
9 1 
9 1 
9 1 
35.0 1a 
18 1 
15 1 
15 1 
48.3 1b 
15 1 
15 1 
15 1 
50.4 Ib 
9 1 
9 1 
9 1 
38.1 l a 
aIncrement was increased to Zk after the vertical load reached 9k • 
bIncrement was increased to Zk after the vertical load reached 15k • 
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3.2.1 Elastic Range 
The following sentences describe the testing procedures utilized 
in Tests A, B, and C on the four composite beams. 
Initially in Test A, each composite beam was loaded with a pre-
load of 1 to 2 kips to insure proper seating at the load points and 
to check the performance of all gages and DCDTs. After the preload-
ing, initial "zero" readings for all strain gages, deflection dials, 
and DCDTs were recorded. As loading progressed, strain and displace-
ment readings were taken after each load increment. As shown in 
Table 6, each composite beam was loaded to slightly less than the cal-
culated elastic limit of the steel beam. Behavior was noted and 
photographs were taken throughout the test. After the load was 
released, beams were allowed to sit unloaded for a few minutes before 
final "zero" readings were recorded. 
Tests Band C were slightly different from Test A in that a 
predetermined force was applied to the post-tensioning tendons 
(Table 6 for magnitude of post-tensioning force). Composite beam 
specimens were then pre-loaded, vertical load applied, and readings 
taken as was done during Test A. The procedure used to "lock in" the 
post-tensioning force was similar to that used in Phase I. Test length 
(approximately one hour) was controlled in order to minimize any 
variations in temperature and drift that may occur in the strain gages. 
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3.2.2 Ultimate Strength 
The final test performed on each beam, Test D, consisted of applying 
vertical load to the post-tensioned beam until the ultimate capacity of 
the beam was reached. The test procedure up to the calculated elastic 
limit of the steel beam was identical to Tests Band C except that a 
higher post-tensioning force (Table 6) was locked into each composite 
beam. At the calculated elastic limit of the steel beam, the loading 
increment was increased to 2 kips per load point. Behavior of the beam 
was noted and photographs taken when significant deformations occurred 
and when failure occurred. 
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4. TEST RESULTS AND ANALYSIS 
In Chapter 3, the details of the test program were presented. 
In subsequent sections of this chapter, the results of each test and 
events which occurred during each test will be summarized and an 
analysis of their significance presented. For clarity, each test 
will be discussed separately. 
4.1 Push-Out Test Results and Analysis 
Earlier, the push-out specimen descriptions (Section 2.1) and 
push-out test procedures (Section 3.1) were presented. The following 
sections will present behavioral information and data obtained from the 
various push-out tests. Experimental results obtained are then compared to 
theoretical values and to each other when relevant. 
The data from the push-out tests consisted of slip and separation 
measurements, as well as ultimate load values for each specimen. The 
four slip readings obtained were averaged together to produce the average 
slip per connector. In the case of a stud or high-strength bolt shear 
connector, a connector consists of two studs or bolts. The load per 
connector is one-half the total load applied to the steel beam. 
The separation between the concrete and steel was measured at two 
locations along the face of the slab. Deflection dials located 1 in. 
above the bed of the testing machine were used to check for excessive 
sliding of the specimen on the testing machine platen, as well as 
separation between the slabs. 
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The results from these dials indicated movement along the platen was 
occurring, but was of a small enough magnitude to neglect. Relative sepa-
ration of the slabs at the base was found by averaging the two deflection 
dials. The separation at the base does not provide a true value of 
the "uplift" on the connectors but was checked to insure that it was 
small; separation was found to be small, and, thus, was not given any 
further consideration. 
The average of the two deflection dials at connector level is 
also referred to as the uplift of the slab from the beam. This 
"uplift" or separation was checked to insure that it was "less than half 
the interface slip at the corresponding load level" (22); thus, closely 
approximating the uplift forces present in an actual composite beam. 
All but one connector, the angle-pIus-bar, met the 50% limit. The 
rigid nature of the angle-pIus-bar connector probably caused the 
excessive separation and will be discussed in more detail later. 
Because the uplift values obtained in the Series 2, 4, 5, 6 and 7 
connectors were within the 50% limit (see typical load-separation 
curves in the Appendix), the effect of uplift was considered to 
have minimal influence on the behavior of these connectors. 
4.1.1 ~ A Specimens 
As explained in Section 1.2.1, the Type A specimens were tested in 
order to obtain experimental values for angle-pIus-bar connectors (used 
on bridges built from the 1940s to 1960s), welded studs, and channel 
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connectors. By comparing experimental results to existing design 
equations (1), a design rationale could be developed for the angle-
plus-bar connectors. The use of two slab push-out specimens is 
generally accepted for the determination of the strength of shear 
connectors (2,13,22). Results obtained from push-out tests provide 
an upper limit to values used for the design of composite beams after 
the push-out test results are checked for any inconsistencies (18,22). 
To eliminate several of the variables, concrete compressive 
strengths were held nearly constant and the physical dimensions of 
the push-out specimens were held constant. Table 7 presents com-
pressive concrete strengths, experimental and theoretical ultimate 
loads, and types of failure for Series 1 through 5. Predicted ulti-
mate load values for Series 2, 4, and 5 were obtained by using relation-
ships from AASHTO (1); those for Series 1 and 3 were obtained by using 
a modified form of the AASHTO channel formula (1). As may be seen, 
within the various specimen series the experimental ultimate load values 
are very consistent as are the failure mechanisms (except for one case). 
This same consistency can also be seen in the load-slip curves for 
the individual specimens of a given series (see the Appendix). 
The connector ultimate load values obtained experimentally 
compared very well to the predicted values for the half-scale specimens 
(Series 1 and 2). Referring to Table 7, the ratio of predicted to 
experimental ultimate load for the channel and angle-pIus-bar 
connectors yielded results between 1.00 and 1.13. The slightly low 
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experimental values can be attributed to an unequal distribution of 
load between the two connectors caused by slight eccentricities of 
the specimen in the testing machine (21). 
In Figure 17, the load-slip curves for half-scale, angle-pIus-bar 
and channel shear connectors are presented. These load-slip curves 
(as well as others which follow) are the average of the load-slip 
curves for the individual specimens, which are presented in the Appendix. 
The angle-pIus-bar connector provides more resistance to slip at all 
values of load. Compared to the half-scale channel, the angle-pIus-bar 
connector provided a more rigid connection as well as a slightly 
higher ultimate strength. 
The full-scale, angle-pIus-bar shear connector (Series 3), which was 
previously used on composite bridges in Iowa, was compared to both 
channel connectors (Series 4) and the stud connectors (Series 5). Of 
the full-scale specimens tested, only Series 5 yielded results in good 
agreement with calculated values (ratios of predicted to experimental 
ultimate loads between 1.01 and 1.10). The low experimental results can 
again be attributed to slight eccentricity of the specimen in the testing 
machine. The results from the Series 3 and 4 specimens were in poor 
agreement with the calculated values (ratios between 1.42 and 1.47), 
although the low experimental ultimate load values, as well as 
failure modes, were very consistent within a given series. 
The low results for the Series 4 specimens were probably caused 
by a large number of voids located adjacent to the loaded side of the 
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Fig. 17. Comparison of load-slip curves for half-scale connectors 
53 
connectors. After testing, when the slabs were fully separated from 
the connectors, it was discovered that voids comprised approximately 
15% of the effective concrete bearing area. The percentage of voids 
found in the other specimens was found to be considerably less. A 
considerable number of the voids found were located near the channel 
flange welded to the beam. Previous research (21) has indicated that 
high stresses exist near the beam flange, and that the greatest portion 
of the load carried by a channel connector is carried by the flange 
welded to the beam. In Table 7, it can be noted that the Series 4 
specimens (and one Series 2 specimen) failed by tensile cracking 
in the concrete slabs. Since this failure was a function of the 
dimensions of the slabs, this might also have caused the low experimental 
values. 
Series 3 specimens also experienced failure at loads much lower 
than calculated. As can be noted in Table 7, all the Series 3 specimens 
failed through the weld. Inadvertently, a 3/16 in. weld was provided 
rather than the 1/4 in. weld specified on the bridge plans used for 
modeling the laboratory bridge (11). The shear and bending capacity 
of the 3/16 in. weld was calculated and found to be slightly below the 
observed ultimate load. By providing a 1/4 in. weld, the capacity 
would have been increased approximately 33%; thus, the ratio of 
predicted to experimental ultimate load would have been lowered con-
siderably. In Section 4.1, it was noted that the separation of the 
slab from the beam, or "uplift," was considered a significant problem 
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on the Series 3 specimens. This is true because the angle-pIus-bar 
connector, being a rigid connector, provides a greater resistance to 
slip, which increases the tendency of the slabs to separate from the 
beam. The failure of the weld at the leading (or first loaded) edge 
of the angle further influenced the separation tendency. 
The load vs. slip curves for the full-scale shear connectors 
(Series 3, 4 and 5 specimens) are presented in Figure 18. For com-
parison, load-slip curves from two other research projects (15,21) 
are also given. As may be seen, the rigid, angle-pIus-bar shear 
connectors provided more resistance to slip than the flexible channel 
or stud connectors. Referring back to Figure 17, this same difference 
in rigidity can be seen in the half-scale specimens (Series land 2). 
As may be seen, there is good agreement between Series 5 and the pre-
viously tested studs (15). A lack of agreement at the lower loads can 
be attributed to the fact that the previously tested specimens were 
not pre-loaded (Series 5 specimens were pre-loaded to 10% of the ultimate) 
and some bond between the concrete and steel may have been present. 
The channel connector (Series 4) did not correlate very well with the 
previously tested channel connector (21). Though larger in size, as 
well as length, the Series 4 connector exhibited consistently lower 
values of load at equivalent values of slip. The presence of voids 
adjacent to the connector is thought to have caused the difference. 
To summarize, a modified form of the AASHTO formula for the 
ultimate strength of a channel can be used to predict the capacity of 
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an ang1e-p1us-bar shear connector. However, the weld capacity should 
be carefully checked for the effects of shear and bending. Keeping in 
mind that the push-out specimen provides a conservative estimate of 
shear connectors in a beam, the predicted ultimate load can be used 
safely for the static analysis of shear connectors on bridges already 
in use (18). 
4.1.2 ~! Specimens 
Type B specimens (Series 6 and 7), as stated in Section 1.2.1, 
were tested to discover the effectiveness of using high-strength bolts 
as shear connectors. The two bolt configurations tested (Figures 5 and 6) 
produced the results shown in Table 9. Although a limited number of 
specimens were tested, consistent results were obtained for each 
connector series. This agreement is evident in the ultimate load 
values in Table 9 and in the specimen load-slip curves which are 
presented in the Appendix. 
In order to evaluate the effectiveness of Type B specimens, welded 
stud specimens (Series 5) were used for comparison. As may be observed 
in Figures 4, 5, and 6, the physical dimensions of the connectors were 
essentially identical (height was approximately 5 in. and the diameter 
was 3/4 in.). The main differences between the bolts and studs were 
the method of attachment to the beam flange (discussed in Section 2.1.2) 
and the tensile strength. The minimum tensile strength of a high-
strength bolt is 120 ksi, while the tensile strength of a stud is 
approximately 71 ksi (15) or 40% less than the bolt. 
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Comparing values from Tables 7 and 9, it is evident that the bolt 
connectors exhibited consistently higher values of ultimate load 
than the studs. The Series 6 specimens produced ratios of predicted 
to experimental ultimate load between .917 and 1.00 and the Series 7 
ratios were between .863 and .909.· Series 5 connector ratios were 
consistently greater than 1.01. The deviation in the ultimate strengths 
may be attributed to the large differences of tensile strength between 
the connectors, because an increase in the tensile strength is usually 
accompanied by an increase in shear strength. In Table 9, the ultimate 
load capacity of the epoxied bolt connector (Series 7) is shown to be 
slightly higher than the double-nut bolt connector (Series 6). This 
small difference is likely due to the reduced cross-sectional area on 
the double-nut bolts because the threads were located in the shear 
plane (Figure 5). Ratios of predicted to experimental ultimate load 
below 1.00 for the bolt connectors (Table 9) indicate that the AASHTO 
formula for the ultimate strength of studs provides a conservative 
estimate of the ultimate strength of high-strength bolt shear connectors. 
As may be seen in Figure 19, there is good correlation between 
the Series 5, 6, and 7 specimen load-slip curves. Some of the variation 
at medium values of load were probably caused by the method of attach-
ment to the beam (bolting versus welding). Up to loads of 15 to 20 kips, 
the curves have approximately the same slope. From 20 to 45 kips, the 
effect on the load-slip behavior due to bolting is noticeable. The 
lower resistance to slip of the bolts is probably related to the seating 
of the bolt in the hole through the flange. The seating effect was 
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caused by deformation of the bolt threads until bearing in the hole was 
achieved. 
For loads up to 15 to 20 kips, the bolts provided a higher 
resistance to slip than the studs. This occurred in the Series 7 
specimens, because the slab was clamped down to the beam by the bolt, 
and, thus, friction had to be overcome initially. The existence of 
the nut on the flange in the Series 6 specimens helped create a more 
rigid connection than that caused by a welded stud, because the nut 
provided a higher connector stiffness. 
Variations in the load-slip characteristics between the doub1e-
nutted bolt connector (Series 6) and the epoxied bolt connector 
(Series 7) were minimal. Any differences can be explained by 
examining the methods of attachment to the beam flange. The bonding 
of the slab to the bolt, due to the epoxy and, more importantly, the 
frictional forces from pretensioning the bolt, probably helped to lower 
the initial slip values in the epoxied bolt connector. Beyond 30 kips, 
the double-nutted bolt connector was more resistant to slip. The 
main reason was the nut that was tightened against the beam flange. 
The nut provided more bearing area for the concrete and increased the 
connector stiffness adjacent to the beam. The location of high stresses 
at the base of the connector is a well-known fact (21,22). The addi-
tion of a nut at the base can be compared to increasing the flange 
thickness of a channel. The concrete restraint offered by increasing 
the bearing area tends to stiffen the connector which is directly 
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related to a decrease in slip at corresponding load levels (21). 
The double-nutted bolt connector is the easier to install. Referring to 
Section 2.1.2.2, it can be seen that the double-nut configuration can 
be implemented with fewer installation steps (only one coring operation 
and no epoxy to apply), quicker (metal shavings do not delay the 
procedure), and employing fewer materials and equipment (only one 
core bit needed and no epoxy is necessary). By using the AASHTO 
ultimate strength formula for studs (1), the ultimate strength of the 
double-nutted bolt connector can be conservatively estimated. The 
need for bolting rather than welding (due to unknown steel beam 
properties), coupled with the relative ease of application and con-
servative values of ultimate strength obtained through use of 
existing shear stud relationships, make the double-nut connector 
a viable method of increasing the shear capacity of existing composite 
beams. Previous studies (4,5) have shown that high-strength bolts 
performed satisfactorily under fatigue loading. Although a slightly 
different bolting technique was utilized, fatigue effects should not 
be significant in the author's opinion. 
4.2 Composite Beam Test Results and Analysis 
As previously mentioned in Section 1.2.2, the main thrust of 
these tests was to determine the effects of additional shear connectors 
on post-tensioned composite beams. Results and events of the elastic 
range tests will be presented in Section 4.2.1, and ultimate strength 
test results and occurrences will be discussed in Section 4.2.2. 
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By post-tensioning a composite beam, the post-tensioning tendons 
become part of the beam structure, thereby rendering the post-
tensioned portion of the beam statically indeterminate to the first 
degree. When vertical load is applied to the beam, the force in the 
post-tensioning tendons will change (referred to as the 8-T effect). 
The load-deflection relation for this system is nonlinear; however, for 
small values of post-tensioning, or axial, load (relative to the column 
buckling load) the relationship is essentially linear. Secondary 
P-8 effects in the 8-T analysis were neglected during Phase I. 
However, the large deflections caused by large vertical loads normally 
require the addition of P-8 effects. Because the thrust of this 
testing was to discover the effects of variable amounts of shear 
connection, the P-8 effects were ignored. Therefore, beams that were 
compared (e.g., Beams #1 and #4) had equal amounts of post-tensioning 
force applied. As will be seen, reasonable agreement between predicted 
and experimental ultimate moment values (Table 10) was obtained 
despite the omission of P-8 effects. 
4.2.1 Elastic Range Test Results and Analysis 
Results presented and discussed in this section are for Tests 
A, B, and C, all of which involved loading which produced stresses in 
the steel beams below the elastic limit. Only experimental results are 
presented in the following paragraphs; comparisons between experimental 
results and theoretical results will be presented in the following 
section on ultimate strength. Tests A, B, and C were performed on all 
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of the composite beams without any unusual occurrences. 
Experimental midspan deflections, due to vertical load only, for 
the interior and exterior composite beams are presented in Figure 20 
and Figure 21, respectively. As may be seen, there is very little 
difference in the resulting deflection behavior either due to the 
post-tensioning force (Test A, B, and C) or the additional shear 
connectors (Beam #1 vs. Beam #4 and Beam #2 vs. Beam #3). Deflections 
obtained from Test A (no prestress force locked in the beams) were 
most linear throughout the entire elastic range. This is expected 
because without the post-tensioning force applied the problem is linear. 
After the post-tensioning force is locked in, the relation between 
vertical load and deflection is nonlinear but, as shown in Figure 20 
and Figure 21, this is insignificant throughout the entire elastic 
range. 
The slight differences in deflections at lower values of load are 
most likely due to the varying degree of bond between the steel beam 
and concrete slab and variation of prestress force. Previous testing 
(during Phase I) when the beams were part of the half-scale model bridge 
as well as the cutting process, movement of the beams for testing, and 
the initial pre-load before each test accounted for the varying degree 
of bond present. Different values of prestress force also caused a 
slight variation in deflection (Figures 20 and 21). At higher values 
of prestress force, the composite beams tended to deflect more at lower 
values of vertical load. This is probably due to a lower moment of 
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inertia resulting from cracks in the concrete caused by prestressing. 
At higher values of vertical load, the concrete cracks were closed, 
thus increasing the stiffness of the post-tensioned composite beam. 
Though both of the strengthened composite beams deflected 
slightly more than their unstrengthened counterparts, this was 
probably due to a small decrease in the moment of inertia because 
of a smaller slab width but mainly due to experimental error. 
4.2.2 Ultimate Strength Test Results and Analysis 
The ultimate strength test, Test D, performed on each composite 
beam provided data for vertical loading from 0 kips to ultimate. 
Data obtained from the various tests will be compared to illustrate 
the effects of varying the amount of shear connection in a post-
tensioned composite beam. Theoretical results will also be compared 
to the experimental data. 
Test lD, performed on the lias fabricated" exterior composite 
beam (Beam #1), proceeded up to 18 kips per load point uneventfully. 
At a vertical load of 18 kips, deformation in the bracket and the 
flange under the bracket became visible. The beam continued to resist 
load; however, the rate of slip occurring increased more rapidly (as 
will be shown later). While loading proceeded, it was noted that the 
post-tensioning rods remained level as the beam deflected. Figure 22 
shows bending in the rod at the bracket caused by the rods remaining 
level. This phenomenon was noted in all the composite beams when 
loaded to their ultimate strength. 
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Fig. 22. Photograph of Besm #1 showing bending of the level post-
tensioning rod at the bracket 
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At 30 kips, it was noticed that the bottom flange of the steel 
beam had rotated to within 1/16 in. of the abutment. At 35 kips, the 
sixth angle-pIus-bar shear connector from one end failed. The composite 
beam failed to accept additional load at this point and testing was 
terminated. Upon closer examination, it was noted that the slab 
"rode up" over the shear connector. This phenomenon was similar to that 
found in the Series 1 push-out specimens. The maximum recorded end 
slip was .238 in. and the midspan displacement was approximately 3.57 in. 
The other composite beam tested in the "as fabricated" condition, 
Beam #2, was loaded to a maximum of 48.3 kips per point. During Test 2D, 
the beam was noticed to have tilted slightly at a load of 18 kips as 
one centerspan deflection dial read 0.2" lower than the other. This 
value remained constant throughout the remainder of the test. The 
deflection dials were removed at 37 kips along with the other displace-
ment gages to prevent damage if sudden failure occurred. A ruler at 
the midspan provided approximate displacement values and the end 
DCDTs measured relative slip until the test was terminated. At 
48.3 kips, loading was stopped because of the danger of sudden failure 
in the testing frame. The maximum slip recorded was .015 in. and the 
midspan displacement was approximately 3 3/8 in. After the load was 
removed, permanent flange deformation of approximately 2 1/2 in. 
at midspan was observed. Some local buckling of the web under one 
load point (near the location where the diaphragms formerly framed 
in) was evident. 
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Test 3D, performed on the strengthened, interior composite beam 
(Beam #3), went according to plans up to a loading of 23 kips. At 
this point, flange deformation under the brackets was noticeable and 
the deflection dials were reset due to the large vertical deflections. 
Deflection dials and DCDTs, except those measuring slip, were removed 
at 44.2 kips (midspan displacement was 3.34 in.). Using a string line 
stretched between the beam ends and a ruler, midspan displacements were 
measured approximately. Testing was terminated at 48.8 kips because 
the usable stroke on the hydraulic jack was reached. At this point, 
cracks were observed on the underside of the slab, as well as crushing 
of the concrete on the top side of the slab at the span centerline; 
however, the beam was still capable of resisting load. At this point, 
the maximum midspan deflection and end slip was 5 9/16 in. and .009 
in., respectively. 
In order to fail the composite beam, it was decided to release the 
load, add 3 in. of steel plate at the load points, and resume loading. 
Occasional readings were taken with a deflection dial and string 
line at midspan and two DCDTs to record end slip; all the measurements 
were initialized at 0 kips of vertical load. At a maximum load of 
50.4 kips, a sudden compressive failure in the slab occurred at the 
span centerline. A top view of the slab crushing can be seen in Figure 23a 
and the bottom view is shown in Figure 23b. During reloading, the 
maximum deflection never exceeded 5 9/16 in. and the final end slip 
was .009 in. The shear connectors showed no signs of distress; 
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however, some web buckling was noted in the same location as in 
Beam #2. 
The final ultimate strength test, Test 4D, proceeded uneventfully 
up to 22 kips where it was noted that the lower beam flange in the 
vicinity of the post-tensioning load brackets had deformed similar to 
the previous composite beams. At 24 kips, near one load point, concrete 
was visibly peeling away from the flange on the underside of the slab. 
The chipping of the concrete was noticeable later (at approximately 
28 kips) under the other load point but eventually ceased at both 
locations around 30 kips. A loud cracking sound occurred at 33 kips 
and a sudden drop in load of 2 kips followed. Holding the load constant, 
it was discovered that the block of concrete under one of the jacks 
had cracked. It was decided to continue the test; just before the 
ultimate load of 38.1 kips was reached, a lateral bow of approximately 
1/2 in. was observed. A sudden failure occurred simultaneously in 
the slab and curb 16 in. from the span centerline (Figure 24a). 
The compressive failure of the concrete was accompanied by local buckling 
of the top flange directly below the distressed concrete, as is shown 
in Figure 24b. 
A comparison of theoretical and experimental ultimate bending 
moment values is presented in Table 10. As may be seen, the experimental 
moment was within 9.5% of the predicted capacity for all four composite 
beams. The predicted ultimate bending moments were based on a plastic 
stress distribution, which was modified when a state of inadequate 
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shear connection existed (18). The exterior-type composite beams, 
Beams #1 and #4, provided experimental values that agreed very well 
with the predicted values (Table 10). Also, it should be noted that 
the addition of shear connectors increased the experimental ultimate 
moment capacity only 8.8%. If the effects of post-tensioning aren't 
included, the theoretical ultimate moment capacity of the exterior and 
interior beams is reduced approximately 14% and 11.5%, respectively. 
The type of failure, given in Table 10, for all of the composite 
beams was as predicted. Beams #3 and #4, provided with an adequate 
shear connection, failed by slab (and curb) crushing, while Beam #1, 
with inadequate shear connection, failed through the shear connection. 
Beams #2 and #3, interior-type beams, also provided reasonable 
results. Though Test 2D was terminated, the maximum experimental 
moment was close to the predicted value. The experimental moment 
obtained in Test 3D could have been the result of stopping the test 
to extend the stroke on the hydraulic jack before testing to failure. 
Some crushing of the concrete was noted before stopping the test and 
the reduction in cross-sectional area of the slab probably reduced 
the ultimate moment slightly. 
Figure 25 presents the effects of different levels of shear 
connection on the bottom flange strains. As may be seen, there was 
small variation due to the amount of shear connection, especially at 
low loads. This agrees with the fact that the difference in relative 
slip between "as fabricated" and strengthened beams was very small (as 
will be seen in Figure 28). Reasonable correlation between experimental 
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and computed strains is also shown in Figure 25. The theoretical 
strains were based on full interaction between the beam and slab. 
Profiles of strain at the centerline are given in Figure 26 for 
the various beams at several levels of loading. Once again the 
observed strains agree well with calculated strains (based on full 
interaction), as well as between beams with different amounts of shear 
connection. The strains at the higher values of load did not correlate as 
well with the theoretical strain profiles. These differences were most 
noticeable at the steel-concrete interface where slip may occur, thus 
creating a localized effect at the gages. 
In all tests, the measured deflection exceeded the theoretical 
bending deflections, as illustrated in Figure 27. The theoretical 
deflections are based on 100% interaction between the concrete and steel 
beam and on the steel beam acting alone. As shown in Figure 27, the 
experimental values are closer to the 100% interaction line. This 
high degree of interaction agrees with the low relative slips experi-
mentally obtained. The theoretical curves in Figure 27 are based on 
deflections due to bending effects only (no shear deformation effects 
or P-~ effects) and, therefore, underestimate the observed deflections. 
Illustrated in Figure 28 are the load vs. end slip curves for 
each of the composite beams. As may be seen, the difference in slip 
between the strengthened and "as fabricated" beams at low loads is 
small. The rigid nature of the angle-pIus-bar connectors result in 
low values of slip which may lower the difference in slips, especially 
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at small values of load. At approximately 70% of the ultimate load, 
the "as fabricated" beams tended to exhibit more slip as a result of 
having less shear connectors. Though Beam #2 was not taken to failure, 
it can be noted that the increase in the slip was increasing at 
approximately the same rate as Beam #1, which failed through the 
shear connectors. 
Figure 29 presents the experimental force per connector vs. 
relative slip for each of the composite beams and the average load-
slip curve for the Series 1 push-out specimens. The approximate force 
in the shear connector was found by expressing the vertical load 
in terms of horizontal shearing force. Because Beams #3 and #4 had 
two different types of shear connectors (angle-pIus-bar and high-
strength double-nutted bolt), a value for the bolt connectors in terms 
of the angle-pIus-bar was approximated. As shown in Figure 29, a 
typical connector in each of the composite beams provided roughly 
the same amount of resistance to slip at equal values of force. The 
load vs. slip curves from the composite beams were of the same shape 
as the Series I curve, even though the values of slip were much lower. 
As previously noted for the same connector, results from push-out 
tests are more conservative than composite beam results. It may also 
be noted in Figure 29 that the connector in Beam #1 has a maximum 
calculated force of 39.9 kips, which is similar to that found experi-
mentally by the push-out tests (6% higher). All other beams had 
connector forces lower than the push-out test connectors. This agrees 
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with the fact that only Beam #1 failed in its shear connection, while 
the other beams (except Beam #2) failed by crushing of the concrete. 
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5. SUMMARY AND CONCLUSIONS 
5.1 Summary 
The rehabilitation of composite bridges by post-tensioning the 
steel beams was investigated in an earlier study (11). This study 
was undertaken to investigate the inadequate shear connection that 
exists between the deck and steel beams as a result of changes in 
design philosophies. 
The literature review substantiated the use of push-out tests 
to determine the strength of shear connectors. Previous research 
had indicated that high-strength steel bolts might be substituted 
for welded stud connectors of the same diameter, with a gain in 
ultimate capacity and no loss of fatigue capacity. 
This study summarizes the results of the laboratory testing of 
22 two slab push-out specimens and 4 composite concrete slab-steel 
beam specimens. The composite beam specimens were cut from the model 
bridge utilized in Phase I (11). 
Good correlation was found between the experimental results 
of the push-out tests and the theoretical results. Also, there was 
excellent agreement in the ultimate strengths and load-slip 
characteristics of the specimens in a given series. 
The ultimate strength of angle-pIus-bar shear connectors, 
employed on existing bridges, was found theoretically with a modi-
fied form of the AASHTO formula for the ultimate strength of channel 
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shear connectors. Good agreement between experimental and theoretical 
results was found, but it was noted that care must be taken not to 
exceed the capacity of the weld between the angle and wide flange 
beam. This is due to the rigid nature of the angle-pIus-bar connector 
which increases the separation between the slab and beam, thereby 
increasing the bending stresses on the connector weld. 
Two methods of increasing the shear capacity of composite bridges 
without welding, as the type of steel in some bridges is unknown, 
were tested; both involved high-strength bolts as shear connectors. 
The ultimate capacity of the high-strength bolts was conservatively 
predicted using the AASHTO formula for the ultimate strength of 
welded stud shear connectors. Experimentally obtained values were 
consistently higher than predicted values, while the load-slip 
characteristics of the bolt connectors were very similar to the stud 
connectors. On the basis of its behavior and ease of installation, 
the double-nutted bolt shear connector was used to strengthen two of 
the composite beams. 
The shear capacity of the four composite beams was predicted, 
employing the results of the push-out tests. Because the shear capacity 
was inadequate to develop the full bending capacity of the composite 
beams, double-nutted shear connectors were added to two of the beams 
employing the procedure used for the push-out specimens. 
Deformation of the beams near the post-tensioning brackets 
and of the post-tensioning tendon at the brackets occurred, but the 
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post-tensioning system did not fracture. Instead, beam failures were 
the result of shear connector failure or crushing of the slab (and/or 
curb) concrete. Ultimate moment capacity was closely predicted 
(within 10% of experimental values) for each of the beams utilizing 
a plastic stress distribution. To account for a state of inadequate 
shear connection, the plastic stress distribution was modified. 
The addition of shear connectors affected the load-slip charac-
teristics at large values of vertical load and increased the ultimate 
moment capacity slightly, however, the load-deflection curves weren't 
significantly affected. Adding shear connectors also prevented failure 
of the shear connection, in the case of the exterior beams. The 
force developed in the composite beam shear connectors was similar 
to that developed by the connectors in the push-out specimens. 
Strains and deflections were predicted fairly accurately when 
based on full interaction of the slab and steel beam. Experimentally 
obtained deflections were consistently higher than those predicted 
with full interaction. 
Post-tensioning had little noticeable effect on the load-slip 
or load-deflection characteristics of the composite beams, when 
loaded in the elastic range of the steel beam. Secondary post-
tensioning effects (P-~ and ~-T) were ignored in the theoretical 
analysis of the beams, but the accuracy of the predicted ultimate 
moment values were unchanged. Computation of the ultimate moment 
capacity without the effects of post-tensioning indicates a reduction 
up to 14% of the beam capacity. 
85 
5.2 Conclusions 
1. The ultimate shear strength of angle-pIus-bar shear connectors 
can be approximated using a modified form of the AASHTO formula 
for the ultimate strength of channels. It is extremely important 
to consider the strength of the weld used to attach the connector 
to the beam flange. 
2. High-strength bolts can be used as shear connectors with little or 
no difference in the strength or behavior from that of welded 
shear studs. 
3. High-strength bolts attain a higher ultimate strength than 
welded studs. A conservative value of ultimate shear strength 
can be obtained employing the AASHTO formula for welded stud 
ultimate strength. 
4. Based on the limited number of tests performed, the shear 
capacity of a composite beam can be increased by the addition 
of double-nutted high-strength bolt connectors. 
5. The ultimate moment capacity of a composite beam can be slightly 
increased by the addition of bolt connectors in this particular 
configuration. 
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8. APPENDIX. LOAD-SLIP AND LOAD-SEPARATION CURVES 
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